ߜ The functional results of surgery in patients with myelopathic nonambulatory rheumatoid arthritis (Ranawat Class IIIb) are often disappointing, with high rates of postoperative morbidity and mortality. The authors therefore undertook a detailed investigation of a cohort of 55 Ranawat Class IIIb patients (11 men and 44 women) with a mean age of 64.7 years who were recruited prospectively over a 10-year period (1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993), to determine what factors may accurately predict a good surgical outcome. Only 14 patients (25.5%) were judged to have had a favorable outcome as determined by an improvement to Ranawat Class I or II or an improvement of at least 0.5 points in the Stanford Health Assessment Questionnaire disability index. The early postoperative mortality rate was high (12.7%) in this group and almost one-quarter of the patients were dead within 6 months. These poor results mirror those already published in the existing literature.
NVOLVEMENT of the atlantoaxial region by the rheumatoid process is a well-known clinical and radiological entity. Clinical or neurological disability is typically classified using the Ranawat system (Classes I-IIIb) and radiological findings of atlantoaxial disease, including those of horizontal, lateral, or rotary subluxation and vertical translocation. 33 However, because there is often no apparent relationship between the degree of subluxation measured radiologically using the atlantodens interval (ADI) and the clinical picture, 1, 7, 21, 28 there is a certain amount of confusion concerning operative indications. Nonetheless, surgical intervention is usually recommended on the basis of clinical grounds, in the presence of myelopathy, neurological deficits, or intractable cervical pain. 1, 2, 5, 15, 21, [27] [28] [29] 34, 35, 37 However, various investigators have also suggested that attention be paid to critical ADI values, ranging from 6 to 10 mm. When these values are present these surgeons urge that surgery should be considered on radiological grounds alone, even in the asymptomatic patient, on a prophylactic basis. 5, 6, 15, 19, 22, 29, 34 There is no true consensus on this latter point and a fairly marked division of opinion exists. Conservative management of the asymptomatic patient with atlantoaxial subluxation would involve close clinical and radiological surveillance. 1 However, interpretation of neurological signs in the often severely deformed patient who has a painful arthritic process that may also be associated with a peripheral neuropathy is not without difficulty, leading to potential failure in detecting the myelopathic state in time. Surgeons are presented with the consequences of delaying surgery too long: the bed-bound, nonambulatory, severely myelopathic patient, designated Ranawat Class IIIb. Here again opinion is divided. Many surgeons believe that surgery in these individuals carries significant risk with little realistic prospect of functional neurological recovery. Previously, we conducted an audit study on those patients 
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Predictors of outcome in the quadriparetic nonambulatory myelopathic patient with rheumatoid arthritis: a prospective study of 55 surgically treated Ranawat Class IIIb patients in Ranawat Classes IIIa and IIIb that highlighted the poor surgical results of patients in Class IIIb, with a near doubling of operative morbidity and mortality. 4 This prompted us to analyze the Ranawat IIIb class of patients in more detail. The purpose of the present study is to describe the clinical and radiological features of these patients so as to determine what prognostic factors may influence surgical success and survival and to help clarify precise operative indications.
Clinical Material and Methods

Patient Selection
Beginning in 1983 data on all rheumatoid patients managed at the National Hospital over a 10-year period were routinely collected on a prospective basis and stored in a relational database system. Patient files were created detailing demographic features, preoperative symptoms and signs, including allocation into three disease severity scoring systems: American Rheumatism Association (ARA)/ Steinbrocker's grade, 36 Stanford Health Assessment Questionnaire (HAQ) disability index, 18 and the Ranawat classification;
29 radiological features; operative findings and complications; and, finally, a postoperative file detailing patient outcome on the basis of the aforementioned scoring systems. All surgery was supervised by the senior surgeon (H.A.C.) and radiological analysis by a senior radiologist (J.S.); postoperative data were collected by spinal research fellows dedicated to the project. Data that were selected for subsequent statistical analysis are summarized in Table 1 according to their database field. Two hundred fifty-six patients were treated in this unit during the 10-year period from 1983 to 1993; 58 patients were classified at first assessment as Ranawat Class IIIb. Three of these patients chose not to proceed with surgery. These patients died at 1 week, 2 months, and 6 months, respectively. The remaining 55 patients form the basis of this report. A worthwhile improvement following surgery was defined for the purposes of this study as a change in Ranawat Class to either I or II and/or a decrease in the HAQ disability index by at least 0.5 U. 18 
Statistical Analysis
For the purposes of statistical analysis all postoperative deaths (that is, those occurring within 30 days) were assigned Ranawat Class IIIb and a maximum HAQ disability index. Mortality was specifically examined in greater detail using survival analysis methods (KaplanMeier curves), with significance being ascertained using the log-rank test and Cox's proportional hazards model to ensure that no distortion by confounding variables had occurred. Univariate statistical analysis was performed using the chi-square test, Student's t-test, and analysis of variance (ANOVA), with significance accepted at p Ͻ 0.05. All values are expressed as means Ϯ confidence intervals, which are given at the 95% level. Nonparametric analysis was performed using the Mann-Whitney and Kruskal-Wallis tests. Pearson's correlation methods were used with significance only accepted at p Ͻ 0.01 to avoid spurious correlations. Finally, multiple logistic regression modeling was performed in an attempt to identify further prognostic variables.
Results
Demographic and Clinical Features
Fifty-five patients (11 men and 44 women) with a mean age of 64.7 Ϯ 2.4 years (range 35-82 years), who had definite or classic rheumatoid arthritis according to ARA criteria 32 were identified. Rheumatoid arthritis had been present in these patients for a mean of 24.5 Ϯ 3.32 years (range 5-60 years). All patients presented with severe myelopathy, with symptoms lasting a mean duration of 6.5 Ϯ 2.86 months (range 0-60 months). Sometimes these symptoms were accompanied by neck pain (2.97 Ϯ 1.37 months, range 0-35 months) or radicular symptoms (6.48 Ϯ 2.86 months, range 0-60 months).
Radiological Features
The mean values of commonly used radiological measures, such as ADI, canal diameter at the level of compression or posterior atlantodental interval (PADI), 2, 21 and measures of vertical translocation, 22, 31 together with subarachnoid and spinal cord area, are given in Table 2 .
Surgical Procedures
Surgery was performed via a combined transoralposterior approach 8 (37 patients) or a posterior approach alone (18 patients) using various methods of fixation, including Ransford loop fixation 30 with sublaminar wires, Halifax clamp, 26 or various types of atlantoaxial construct involving bone graft, sublaminar wiring, 9, 12 and, more recently, transarticular screw techniques. 20 The mean Ranawat Classes I-IIIb breathing difficulties ARA Grades I-IV HAQ disability index pain (visual analog scale) length of follow-up review time to death length of hospital stay was 27 days (range 8-160 days) of which 4.8 days (range 1-40 days) were spent in intensive care. Postoperative morbidity was recorded in 23 patients (42%) and is detailed in Table 3 .
The 30-day mortality rate was 12.7% (seven of 55 patients). During the follow-up period 32 patients died. Approximately one-quarter of the original group of 55 was dead by 6 months, and 60% were dead by 50 months. The survival patterns of these patients are illustrated graphically by the Kaplan-Meier curve shown in Fig. 1 . Causes of death are documented in Table 4 . The three patients who did not undergo surgery (because of the combined wishes of the patient, patients' family, and the operating surgeon) all died within 6 months from the time of their original referral by the attending physician to the neurosurgery service.
Outcome: Neurological, Functional, and Pain
Significant neurological or functional improvement was seen in 14 patients (25.5%). Sixteen patients were able to walk again after surgery. Outcome according to the ARA functional grading system 36 at 1 year and the Ranawat neurological classification 29 during the period of follow-up review are shown diagrammatically in Figs. 2 and 3, respectively. It is noteworthy that neurological outcome was not static and there was some variation over time. In our study, most of this change occurred in patients with a poor grade (postoperative Ranawat Class IIIa or IIIb). Those patients who achieved a postoperative Ranawat Class of I or II within the 1st year maintained that improvement and also survived longer. Those patients who remained in Ranawat Class III gradually shifted from IIIa to IIIb and then to death. This fact is also borne out by the survival analysis of those patients whose outcome is graded into good and poor categories (Fig. 4) .
The mean preoperative Stanford HAQ disability index The severity of neck pain which was assessed by means of a visual analog scale (0-100) revealed a mean preoperative level of 51 Ϯ 11 and a mean postoperative level of 16 Ϯ 6. Forty (73%) of the 55 patients achieved a 50% reduction of pain; 24 (44%) of these patients denied any postoperative neck pain whatsoever.
Statistical Analysis
Predictors of Outcome and Correlations. Univariate analysis revealed that age (p = 0.02) was a significant predictor of outcome as was the degree of vertical translocation (p = 0.05), as measured by the Redlund-Johnell method 31 (present in 78% of patients), and spinal cord area (p = 0.006), as measured from the computerized tomography myelogram by computerized morphometric analysis (Fig.  5) . The mean value of the spinal cord area at the atlantoaxial region was 44 mm 2 in our surgical failures. Other noteworthy findings were the fact that the area of the subarachnoid space correlated with the degree of vertical impaction (as measured from the base of the axis to the base of the atlas) showing how the space available for the spinal cord is progressively diminished as vertical translocation occurs (correlation coefficient, r = 0.5, p = 0.003). This was also reinforced by the finding that the spinal cord cross-sectional area diminished with increasing degrees of vertical translocation (Redlund-Johnell method) 31 (r = 0.4, p = 0.02). Not surprisingly the diameter of the canal correlated with our measurement of the subarachnoid area (r = 0.4, p = 0.04) and the spinal cord area (r = 0.4, p = 0.001). The lack of a stronger correlation, with the r 2 value suggesting that only 16% of these values is attributable to the canal diameter or PAD, 2 underscores the importance of the soft-tissue element of spinal cord compression, with particular reference to the inflammatory rheumatoid pannus.
The significance of cord area as a successful predictor of outcome is underlined by the fact that it correlates with the postoperative Stanford HAQ disability index 18 (r = Ϫ0.5, p = 0.001). Of particular note, however, is the fact that the ADI traditionally taken as an indirect measure of cord compression did not correlate with cord area or, indeed, act as a significant predictor of outcome, which may be explained, in part, by the observation that the ADI diminished as the degree of vertical translocation increased (r = 0.4, p = 0.01). This is generally believed to be an adverse and ominous development associated with more advanced bone destruction. 21, 31, 33 The use of logistic regression modeling confirmed the predictive value of the preoperative spinal cord area (p = 0.026) for final neurological outcome; however, the effects of age and the degree of vertical translocation were lost. There was no significant difference in the degree of neurological recovery in those patients undergoing a combined anterior decompression and posterior fixation compared to those undergoing a posterior fixation alone. ( 2 = 2.5, p = 0.47). Survival analysis showed that successful surgery (defined above) also conferred a significant survival advantage (log-rank test, p = 0.004) (Fig. 4) . Cox's regression model was used to exclude the fact that these differences were not attributable to the younger age of those deemed to have a good surgical result. No such effect was discernible; although age did have a positive correlation with survivorship, it was not significant in the aforementioned groups. Use of survival analysis revealed that cord area also affects long-term mortality (p = 0.001).
Discussion
Review of the Literature
The literature on cervical spine decompression in rheumatoid patients with advanced neurological deficit secondary to atlantoaxial instability is relatively small, with many surgeons having the relative luxury of being referred patients at an earlier stage of disability. Clarke and colleagues 5 reported no Ranawat Class IIIb cases in their initial experience of 41 operative cases reported in 1989. For those surgeons who have published, the results make interesting reading. Ranawat, et al., 29 reported on 33 patients of whom four were Class IIIb. Only minimal improvement to Class IIIa was seen in three patients and one patient died. Santavirta and coworkers' 34 findings echoed those of Ranawat, et al.; in the former's series of 38 patients, four patients were Ranawat Class IIIb. Two of these patients remained unchanged at Class IIIb (dying at 2 months and 2 years, respectively) but two did improve to Grade II. One of the strongest contemporary series is that reported by Boden, et al.,
2 with 23 of their 73 patients belonging to Class IIIb. Two were managed nonoperatively and died at 11 months and 2 years, respectively. Onethird of the patients (seven) improved to Grade II. Similar findings are recorded by Peppelman and colleagues. 27 Overall results from five retrospective series (58 patients) are summarized in patients improved significantly to Ranawat Class I or II, which is broadly comparable to the results of our prospective study (20%) and that the postoperative mortality was 17%. It should be noted, however, that the populations were different. A comparison of our study with that of Boden, et al., is possible because of the fact that some of their raw data are available, and it can be seen that their group ostensibly differs from our own by age (their patients were 5 years younger) and, perhaps, by the less frequent occurrence of vertical translocation (65% vs. 78%), although different methods for this were used; that is, those of McGregor 23 and Redlund-Johnell. 31 We prefer the latter in concordance with Kawaida, et al., 17 and Kauppi and coworkers 16 who found that McGregor's method was unsatisfactory in 18% of cases due to either erosion of the dens or overprojection of the mastoids on an osteoporotic dens. Nonetheless overall there is no significant difference between the three major series results ( 2 = 2.87; df = 2) in terms of outcomes using the Ranawat classification or survival using Kaplan-Meier analysis (Fig. 6) .
A further aspect deserving mention when comparing the various series is the type of surgery performed (transoral or posterior fixation). There was no statistical difference between the results of the different forms of surgery. However, it should be stated that our surgical approach was tailored to the individual patient's disease. Comparison between the two groups is somewhat artificial because those patients undergoing transoral surgery, who arguably have the same neurological grade, have a more severe disease manifestation (more pannus and/or vertical translocation). Despite the fact that the patients in this series had the full complement of surgical procedures available to them, they fared no better than those patients described in Table 5 . This would lend further credence to our views that in these patients much of the damage was permanent.
The overall validity of using the Ranawat classification as an outcome measure is open to question. Although it is evident that there is an undisputed difference between Ranawat Classes IIIa and IIIb (by virtue of the fact that patients in the latter group are nonambulatory), the distinction between Class II and its adjacent classes is not always easily made, particularly in the presence of a painful, deforming arthritis. It thus would be naive to view the success of surgery according to a retrospective allocation of Ranawat classes based on chart review, particularly in the two larger series in which surgery on the first patients entered into the studies antedated the first report of Ranawat's classification by 5 and 13 years, respectively. 2, 27 Further questions are raised as to the reliability of chart review for these patients because in one of the larger series there is not a single case of respiratory complication, which is particularly difficult to believe. 2 We recognize that the Ranawat classification is not a sensitive neurological scoring system and we also believe that the results of surgery are perhaps best expressed in terms of functional outcome. It is to this end that we have also described these patients' outcomes by Steinbrocker grade (ARA) 36 and, perhaps more usefully, by the Stanford HAQ disability index. 13, 18 However, even the latter classification is not entirely satisfactory because in the presence of severe disability, it loses sensitivity at the extreme end of the scale (ceiling effect). 13 Clearly what is needed is a combination of neurological and functional outcome measures that could be used to disentangle the neurological and rheumatological aspects of disability. Looking at the results of surgery in this group, in terms of functional improvement, we can see that they are disappointing indeed. Although it is true that 16 patients were able to walk following surgery, only five patients (9%) achieved a lifestyle adequate for normal activities (despite handicap, discomfort, or limited motion of one or more joints, that is, ARA/Steinbrocker Grade 2). 36 Life expectancy is poor in all reported series (including our own) with an overall postoperative mortality of 14% (one of seven cases reported in the literature, with nearly one-quarter dead by 6 months, rising to 60% dead within 50 months) (Table 5 and Fig. 6 ).
Spinal Cord Area /Pathomechanics
The major finding of this study is that cord area is the most important determinant of successful surgical outcome and this effect extends beyond the short term, ultimately influencing life survival as well (p = 0.001). The mean value of spinal cord area at the atlantoaxial region of
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Rheumatoid cervical myelopathy Ranawat IIIb , respectively. 10, 11 Further analyses of radiological parameters shed some light on the pathomechanics of rheumatoid involvement in the atlantoaxial region. The ADI, long held by many to be a useful guide to surgical intervention, 5, 6, 15, 19, 22, 29, 34 has not been shown to exert an effect on the severity of myelopathy or the surgical outcome in this subgroup. This contrasts with the finding in this study that the degree of vertical translocation and the cord area that correlate with disability (HAQ Stanford score) also act as prognostic factors. The reasons behind this apparent failure of the ADI measure can be seen in its correlation with the degree of vertical translocation, in which the ADI decreases as the degree of cranial settling progressively increases. Furthermore, as the degree of settling increases, there is a diminution of subarachnoid space and, ultimately, this is reflected in spinal cord compromise and atrophy. These observations on vertical translocation and ADI echo those of Mathews 21 and others, 34 who found spontaneous recovery of atlantoaxial subluxation is merely an illusion and really represents vertical deterioration in a joint that is already the site of marked anteroposterior subluxation. This fact is important because many rheumatologists advocate conservative treatment of atlantoaxial subluxation on the basis of reports purporting to show no relationship between ADI and neurological deterioration. 1 Moreover, we strongly suspect that in many severely disabled rheumatoid arthritis patients the diagnosis of atlantoaxial disease with direct neurological sequelae goes undetected because of this overreliance on ADI, which is a gross oversimplification of the pathomechanics involved.
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Neuropathological Findings
The findings in this study on spinal cord area also correspond nicely with a previous neuropathological study of the brainstem and spinal cord in end-stage rheumatoid arthritis that was performed by our group. That study highlighted damage to the dorsal white matter of the cord that was histologically similar to the diffuse axonal injury of the brain seen in head injuries including edema, axonal swelling, and necrosis. 14 In particular, there was no evidence of inflammation or endarteritis. The location of predominantly posterior disease when compression is mainly anterior is explained by Breig's 3 cadaver studies, which show that a ventral deforming force causes tearing and fissure formation in the dorsal aspect of the cord. The presence of necrosis indicates an irreversible phenomenon. Recovery of neurological function may be irreversible beyond a certain level of compression and reduction in spinal cord area.
Conclusions
These pathological findings allow us to hypothesize that it is repeated minor trauma and compression that result in neuronal fallout with subsequent necrosis and, eventually, spinal cord atrophy. This study has also been able to show how cord area affects functional ability. Preoperative spinal cord area is the major determinant of successful surgical outcome, and ultimately, it is a determinant of survival. The logical conclusion of this is that earlier preemptive surgery prior to the permanent loss and fallout of neural tissue is required if we are to improve the dismal results of surgery in this group and improve their poor life expectancy.
